The NMDA receptor is an important subtype glutamate receptor that acts as a nonselective cation channel highly permeable to both calcium (Ca 2ϩ ) and sodium (Na 
Introduction
The NMDA type glutamate receptor/channel plays important roles in the regulation of fast excitatory synaptic transmission and activity-dependent neuroplasticity (Dingledine et al., 1999) . NMDA channels are highly permeable to both sodium (Na ϩ ) and calcium (Ca 2ϩ ) (Mayer and Westbrook, 1987; McBain and Mayer, 1994; Dingledine et al., 1999) . The activation of NMDA receptors may produce a prolonged increase in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) and trigger downstream signaling pathways (Mody and MacDonald, 1995; Dingledine et al., 1999) . It has been demonstrated that an increase in [Ca 2ϩ ] i may downregulate NMDA channels in central neurons cultured from embryos and acutely isolated from adult animals. The Ca 2ϩ -induced downregulation of NMDA channel activity is considered an important negative feedback mechanism to control NMDA receptor activity (Mayer and Westbrook, 1987; McBain and Mayer, 1994; Kyrozis et al., 1996; Dingledine et al., 1999) . Na ϩ is the major cation in the extracellular space and can enter cells via a variety of routes, including permeation through ligand-gated (e.g., glutamate) and voltage-gated cation channels and uptake through membrane exchangers as well as through gradient-driven cotransport (Nicholls and Attwell, 1990; Hille, 1992; Rose and Ransom, 1997) . In the nervous system Na ϩ influx regulates neuronal excitability and is responsible for the initiation and propagation of action potentials (Taylor and Dudek, 1982; Hille, 1992) . Studies using fluorescence ratio imaging of Na ϩ indicator dye have reported that electrical activity, particularly bursting activity, dramatically increases [Na ϩ ] i in neurons (Callaway and Ross, 1997; Rose and Ransom, 1997; Rose and Konnerth, 2001 ). Rose and Konnerth (2001) demonstrated that short bursts of synaptic stimulation may cause an increase in [Na ϩ ] of up to 40 mM in postsynaptic spines and their adjacent dendrites. During tetanic stimulation that induces synaptic longterm potentiation, [Na ϩ ] in synaptically active spines may reach 100 mM (Rose and Konnerth, 2001 ). They also demonstrated that the [Na ϩ ] increases in spines and dendrites induced by synaptic stimulation are mediated mainly by Na ϩ entry through NMDA channels and are concurrent to synaptic potentials and backpropagating action potentials (Rose and Konnerth, 2001) . Intracellular Na ϩ has been shown to be an upregulator of NMDA receptors, such that raising [Na ϩ ] i or activating Na ϩ -permeable channels may enhance NMDA receptor-mediated currents (Yu and Salter, 1998) . Thus the activity of a NMDA receptor may be regulated by other NMDA receptors via the actions of Ca 2ϩ and/or Na ϩ entering neurons. Because intracellular Na ϩ and Ca 2ϩ act in an opposing manner on NMDA channel activity and all previous studies have focused only on the effects of either Ca 2ϩ or Na ϩ , a compelling question is how the activity of an individual NMDA channel may be regulated when both ionic species flow into neurons during the same time period through activated remote NMDA receptors. To address this issue, we investigated the regulation of NMDA channel gating by the activation of remote NMDA receptors in cell-attached patches and consequently revealed a novel functional relationship of Na ϩ and Ca 2ϩ influxes in the regulation of NMDA receptors, which may be important for the understanding of mechanisms underlying activity-dependent neuroplasticity.
Materials and Methods
Primary neuron culture and NMDA single-channel current recordings. Primary cultures from the hippocampus were prepared from fetal Wistar rats (embryonic day 17-19) as described previously (Lei et al., 2002) . In brief, hippocampal tissue was dissociated mechanically by trituration and plated onto 35 mm collagen-coated culture dishes at a density of Ͻ1 ϫ 10 6 cells/ml. Hippocampal neurons were used for electrophysiological recordings 8 -14 d after plating.
NMDA receptor-mediated single-channel currents were recorded in the cell-attached configuration. Hippocampal cultures were bathed in a standard extracellular solution containing the following (in mM): 100 Na 2 SO 4 , 10 Cs 2 SO 4 , 1.2 or 4.8 CaCl 2 , 25 HEPES, 32 glucose, 0.001 TTX, 0.003 glycine, pH 7.35, and 310 -320 mOsm. Free Ca 2ϩ concentration of the extracellular solution was at either 0.3 or 1.2 mM as confirmed by measurement with a Ca 2ϩ -selective electrode (Thermo Electron, Beverly, MA). The resting potential of neurons bathed with extracellular solutions of these two different Ca 2ϩ concentrations was 60 Ϯ 5 mV (n ϭ 4) as measured with sharp electrodes filled with 3 M KCl. A Ca 2ϩ -free extracellular solution was made from the standard extracellular solution containing 0.5 mM Na ϩ -BAPTA and no added Ca 2ϩ . To reduce noise (McLarnon and Curry, 1990) and prevent cell damage (Choi, 1993; Yu et al., 1997; Yu and Salter, 1998) during NMDA receptor activation, we replaced K ϩ and Cl Ϫ in the solution by Cs ϩ and SO 4 2Ϫ , respectively. Na 2 SO 4 in the solutions was replaced with Cs 2 SO 4 to make extracellular solutions with various Na ϩ concentrations as indicated. Recording pipettes were made from thin-walled borosilicate glass capillaries (World Precision Instruments, Sarasota, FL) pulled to tips of 1-2 m and fire polished. The pipettes were filled with the same extracellular solution (except as indicated) used for bathing neurons (DC resistance, 8 -10 M⍀) but also containing 10 M NMDA and 3 M glycine to evoke NMDA receptor-mediated currents.
During experiments the cultures were placed in a recording chamber on an inverted microscope (Axiovert S100 TV, Carl Zeiss, Göttingen, Germany) equipped with a 64ϫ Varel Relief Contrast System. The image was magnified an additional 30ϫ and displayed on a 17 inch TV monitor so that the morphology of the cell soma and major processes of neurons could be monitored during the recording period. Changes in cell morphology (such as cell swelling) could be detected readily by changing the osmolarity of the extracellular solution and thus lead to alterations in NMDA channel activity (Paoletti and Ascher, 1994) . None of the bath solutions and experimental manipulations produced significant changes in size or shape of the cell soma and/or main processes.
Single-channel recording methods and criteria used to ensure that recordings were indeed from NMDA channels have been described in detail previously (Wang et al., 1996; Yu et al., 1997; Yu and Salter, 1998) . In brief, NMDA-mediated single-channel currents were recorded with a patch potential of 70 mV from the reversal potential, except where indicated. Currents recorded were filtered at 10 kHz (Ϫ3 dB) with an Axopatch 1D amplifier (Axon Instruments, Foster City, CA), digitized at 33 kHz, and stored onto videotape. The main conductance levels of ϳ80% of recorded channels were in the range of 40 -60 pS, with the remainder in the range of 10 -30 vpS, as typically is observed in our and others' studies (Gibb and Colquhoun, 1992; Stern et al., 1994; Yu et al., 1997; Yu and Salter, 1998) . The recorded currents were abolished by the bath application of the lipophilic NMDA channel blocker MK-801 (2 M), confirming that NMDA receptor-mediated single-channel currents were recorded (Yu and Salter, 1998) . After 3 to 5 min of recordings, which served as a control, the tested agents such as L-aspartate or NMDA dissolved in the same extracellular solution were bath applied to patched neurons. NMDA-mediated single-channel currents then were recorded for another 5 to 10 min. Because the bath application of L-aspartate or NMDA to neurons may cause cell depolarization, the holding potential was readjusted to maintain a patch potential of 70 mV from the reversal potential of recorded channels.
Methods for single-channel data analysis have been described in detail previously (Wang et al., 1996; Yu et al., 1997; Yu and Salter, 1998) . In brief, the data stored on videotape were replayed, filtered at 2-5 kHz (-3 dB, 8 pole Bessel), and sampled continuously onto a computer at 20 kHz with pClamp6 software (Axon Instruments). Because only one main conductance level of channel openings was recorded in most patches, the channel open probability and duration of channel openings and closings were determined off-line by using a 50% crossing threshold. Distributions of dwell times were fit with the sum of multiple exponential components by using the Levenberg-Marquardt least-squares method. The usefulness of adding exponential components was assessed by using an F test (De Koninck and Mody, 1994) and also by visual inspection. Channel activity during the entire application period of tested agents (at least 3-5 min), which is from the time after readjustment of patch potential at the same level (70 mV) from the reversal potential after the start of the agent application, was compared with that for a similar period immediately preceding the application. The bursts, clusters, and superclusters of channel openings (Edmonds and Colquhoun, 1995) were identified according to critical times (t c ), where each t c is defined by the following:
1 Ϫ e Ϫtc/s ϭ e Ϫtc/m s and m are the time constants of short and intermediate gap lengths (Colquhoun and Sakmann, 1985; Gibb and Colquhoun, 1992) ; the durations of bursts, clusters, and superclusters of channel openings were calculated by using pClamp6 software. -sensitive fluorescent dyes sodium-binding benzofuran isophthalate (SBFI) and fura-2, respectively, using a 346/380 nm pair of excitation wavelengths from monochromators and single-photon counting methods as described previously (Bibby and McCulloch, 1994; Yu and Salter, 1998) . Neurons cultured on poly-D-lysine-coated glass coverslips were incubated either with fura-2 AM (5 M) or SBFI AM (10 M) mixed with pluronic F-127 (20% w/v; 1:1) and dissolved in the extracellular solutions used for single-channel recordings for 40 or 90 min at room temperature. Then the coverslips were washed and transferred to a perfusion chamber on a Nikon Diaphot II inverted microscope. The 346/380 nm fluorescence ratios were recorded in the soma region of neurons by using Deltascan System (Photon Technology International, South Brunswick, NJ (Bibby and McCulloch, 1994; Kyrozis et al., 1996) ] into a calibration solution containing 0 or 2 mM Ca 2ϩ sequentially applied to neurons to determine R min and R max , respectively. The K D of fura-2 in neurons was in accordance with values described previously (Kyrozis et al., 1996) . The mean concentrations of intracellular Na ϩ and Ca 2ϩ were calculated before and during a 300 sec period immediately after NMDA receptor agonist application. All chemicals used were obtained from Sigma (St. Louis, MO) except for ionomycin (Calbiochem, La Jolla, CA) and BAPTA, BAPTA-AM, SBFI-AM, fura-2 AM, and monensin (all of which were purchased from Molecular Probes, Eugene, OR).
Results
Upregulation or downregulation of NMDA channel gating by the activation of remote NMDA receptors is dependent on the interaction of Na ؉ and Ca 2؉ influxes NMDA single-channel activity was recorded in the cell-attached configuration before and during the bath application of NMDA receptor agonist L-aspartate (10 -1000 M), which was used to activate remote NMDA receptors located outside the membrane patch (Fig. 1 A) . Consistent with previous findings (Edmonds and Colquhoun, 1995; Yu et al., 1997; Yu and Salter, 1998) , recordings of single-channel activity before the activation of remote NMDA receptors indicated that the open time of recorded channels ranged from Ͻ0.1 msec to longer than several tens of milliseconds, and the shut time ranged from Ͻ0.1 msec to longer than several thousands of milliseconds. By fitting the open and shut time distribution histograms, we found three components with time constants (mean Ϯ SE; n ϭ 24 patches) of 0.12 Ϯ 0.01 msec (relative area, 51 Ϯ 4%), 1.6 Ϯ 0.1 msec (29 Ϯ 3%), and 3.7 Ϯ 0. We found that bath application of the NMDA receptor agonist L-aspartate may change NMDA channel activity in a concentration-dependent manner (Fig.  1G) . A significant increase in NMDA channel gating occurred when 100 M L-aspartate was bath applied. An example of recorded NMDA channel open probability and averaged open probability of the channels for a period of 10 sec each before and during the bath application of NMDA receptor agonist L-aspartate (500 M) is shown in Figure 1 , B and C, respectively. The bath application of L-aspartate or NMDA to neurons causes cell depolarization and hence a parallel shift of the current-voltage ( I-V) relationship (Fig. 1 D) , indicating that there is no change in single-channel conductance but rather a change in the reversal potential. Therefore, the holding potential was readjusted (the time break shown in Fig. 1 B,C) to maintain a patch potential of 70 mV from the reversal potential of recorded channels. We found that the bath application of L-aspartate may increase NMDA channel activity immediately ( Fig. 1 B,C) . During the bath application of L-aspartate the short open component was reduced while the shortest closing component was increased (Fig.  1 E) . The overall channel open probability and mean open time increased significantly (Fig. 1G) .
Consistent with our previous finding, the application of 30 mM K ϩ to neurons in the presence of the voltage-gated Na ϩ channel blocker tetrodotoxin (TTX; 1 M) produced cell depolarization comparable to that induced by the application of 500 M L-aspartate, but it did not affect NMDA channel activity (Yu and Salter, 1998 ) (data not shown). Furthermore, we found that, whereas the 500 M L-aspartate application produced increases in the overall channel open probability in all six recorded patches by 15-100% of that before L-aspartate application (i.e., control), the overall channel open probability during 500 M L-aspartate application increased by 17-28% of controls in four of seven recorded patches and decreased by 16 -20% in the three remaining patches when 100 M aminophosphonovalerate (APV; a NMDA receptor antagonist) was coapplied. Although 100 M APV application did not abolish completely the effects produced by L-aspartate application in every patch that was recorded, on average no significant change in NMDA channel activity was noted during L-aspartate application (Fig. 1 ). Taken together with the finding that the bath application of 100 M APV alone did not affect recorded NMDA channel activity significantly (Fig. 1G) , we conclude that NMDA channel gating can be upregulated via the activation of remote NMDA receptors.
To understand mechanisms underlying the effects of remote NMDA receptor activation, we additionally characterized the functional roles of intracellular Na ϩ and Ca 2ϩ . Our previous study has shown that NMDA channel activity may be downregulated by the activation of remote NMDA receptors when Na ϩ in the extracellular solution is replaced with the membrane-impermeant cation N-methyl-D-glucamine (NMDG) (Yu and Salter, 1998) . However, it remained unclear whether the reduction of NMDA channel gating during the activation of remote NMDA receptors was induced by a reduction of [Na ϩ ] i , which can be produced by efflux of intracellular Na ϩ , and/or by some other unknown mechanisms. To answer this question, we investigated the effects of activation of remote NMDA receptors on NMDA channel activity when the Na ϩ gradient across the cell membrane was decreased by reducing [Na ϩ ] to 20 mM and including the Na ϩ ionophore monensin (10 M) in the extracellular solution. Figure 2 A-D displays an example of NMDA channel activity recorded under these conditions. We found that the application of 500 M L-aspartate in six of seven recorded patches produced decreases in NMDA channel activity with a reduction of the long open component (Fig. 2C) . The decreases in the overall channel open probability varied from 21 to 63% of control. On average, the overall channel open probability and mean open time were reduced to 64 Ϯ 10 and 77 Ϯ 6% of controls, and the duration of bursts and clusters was reduced to 77 Ϯ 5 and 86 Ϯ 6% of controls, respectively (Fig. 2 E) . In the presence of 100 M APV, L-aspartate application produced re- ductions in the overall channel open probability of 27 and 38% in two of seven recorded patches, increases in the overall channel open probability of 27 and 61% of control in two patches, and slight changes (either increases or decreases) of Ͻ10% of control in three patches. On average, there was no significant change in NMDA channel activity recorded from neurons bathed with the extracellular solution containing 20 mM Na ϩ and monensin during L-aspartate application in the presence of 100 M APV (Fig.  2 E) . Thus we conclude that the inhibitory effects on NMDA channel gating induced by the bath application of L-aspartate could be blocked by bath coapplication of the NMDA receptor antagonist APV, indicating that the activation of remote NMDA receptors downregulates NMDA channel activity under the condition in which Na ϩ influx was blocked by reducing the Na ϩ gradient across the cell membrane. Also, we found that blocking Ca 2ϩ influx by removal of Ca 2ϩ from the extracellular bath solution could prevent the inhibition of NMDA channel gating induced by the activation of remote NMDA receptors. During the activation of remote NMDA receptors the overall channel open probability, mean open time, and the duration of burst, clusters, and superclusters were 124 Ϯ 11, 107 Ϯ 10, and 113 Ϯ 12, 110 Ϯ 16, and 106 Ϯ 10% of controls, respectively (Fig. 2 E) . These data suggest that Ca 2ϩ influx may play an important role in the downregulation of NMDA channel gating induced by the activation of remote NMDA receptors in neurons bathed with the extracellular solution containing 20 mM Na ϩ and Na ϩ ionophore monensin.
A modest Ca
2؉ influx may inhibit NMDA receptors when Na ؉ influx is reduced In light of our observations that NMDA receptor/channel gating may be upregulated or downregulated by the activation of remote NMDA receptors via the actions of Na ϩ or Ca 2ϩ entering neurons, it was of considerable interest to determine how the balance of intracellular Na ϩ and Ca 2ϩ controls these effects on NMDA channel gating. To this end we measured [Na ϩ ] i and [Ca 2ϩ ] i in the soma region of neurons bathed with an extracellular solution containing 10 mM Na ϩ , 0.3 mM Ca 2ϩ , and no Na ϩ ionophore monensin (Fig. 3A,B) . We found that NMDA receptor activation produced [Na ϩ ] i increases ranging from 0 to 2 mM (0.8 Ϯ 0.2 mM; n ϭ 9; mean Ϯ SE) and [Ca 2ϩ ] i increases ranging from 2.7 to 56 nM (35 Ϯ 9 nM; n ϭ 7). Under these conditions we recorded NMDA single-channel activity in cell-attached patches and found that the activation of remote NMDA receptors produced significant decreases in NMDA channel activity (Fig. 3C,E) . The overall channel open probability and mean open time were reduced to 62 Ϯ 13 and 69 Ϯ 14% of controls, and the durations of bursts and clusters were reduced to 67 Ϯ 11 and 70 Ϯ 7% of controls, respectively (Fig. 3E ). Thus these observations additionally confirmed that NMDA channel gating was inhibited by the activation of remote NMDA receptors when Na ϩ influx was reduced.
We then investigated whether the inhibitory effect induced by Ca 2ϩ influx through activated remote NMDA receptors may be affected by local Na ϩ influx through recorded NMDA channels. NMDA channel activity was recorded by using two different concentrations of Na ϩ in the recording pipettes. The overall channel open probability (0.0021 Ϯ 0.0007; n ϭ 9 patches) of NMDA channels recorded with pipettes filled with an extracellular solution containing 10 mM Na ϩ was significantly lower ( p Ͻ 0.05; Mann-Whitney test) than that of NMDA channels recorded with pipettes filled with an extracellular solution containing 200 mM of Na ϩ (0.0065 Ϯ 0.0026; n ϭ 10 patches). Regardless of intrapipette Na ϩ concentration, the activation of remote NMDA channels produced similar levels of NMDA channel gating inhibition (Fig. 3D,E) .
We found that the activation of remote NMDA receptors also could cause an inhibition of ensemble currents. Figure 4 shows examples of alignment and summation of consecutive superclusters recorded from neurons bathed with extracellular solutions containing 10 or 200 mM Na ϩ before and during the activation of remote NMDA receptors. Compared with the ensemble current before the activation of remote NMDA receptors, there was a shortened decay of the current during the activation of remote NMDA receptors when [Na ϩ ] e was reduced to 10 mM (Fig. 4 E) . In contrast, a prolonged decay of the current during the activation of remote NMDA receptors was found in neurons bathed with the standard extracellular solution containing 200 mM Na ϩ (Fig. 4 F) .
A 5 ؎ 1 mM increase in intracellular sodium concentration ([Na ؉ ] i ) represents a threshold required to mask the downregulation of NMDA channels by remote NMDA receptors We then investigated the effects of remote NMDA receptor activation when [Na ϩ ] in the extracellular bath solution, which contained 0.3 mM Ca 2ϩ , was increased to 20 mM. We found that under this condition no significant change in NMDA channel gating could be produced by the activation of remote NMDA receptors (Fig. 5A,B) . The overall channel open probability and mean open time were 106 Ϯ 6 and 104 Ϯ 4% of controls, and the durations of bursts, clusters and superclusters were 110 Ϯ 6, 114 Ϯ 11, and 124 Ϯ 16% of controls, respectively (Fig. 5B) . Interestingly, even as [Ca 2ϩ ] e was increased to 1.2 mM, the activation of remote NMDA receptors produced no significant inhibition of channel gating (Fig. 5B) increases ranging from 1.4 to 10 mM (5 Ϯ 1 mM; n ϭ 7), which were significantly more than those found in neurons bathed with 10 mM Na ϩ extracellular solution and [Ca 2ϩ ] i increases ranging from 32 to 62 nM (50 Ϯ 5 nM; n ϭ 5) (Fig. 5D ). These data demonstrate a novel finding that the inhibitory effects induced by Ca 2ϩ influx through remote NMDA receptors could be over- come by a modest Na ϩ influx and that the increase in [Na ϩ ] i of 5 Ϯ 1 mM may represent a critical threshold required to mask the inhibitory effects induced by Ca 2ϩ influx on NMDA channels during the activation of remote NMDA receptors.
This finding also raised the question of why NMDA channel gating was decreased, but not enhanced, by the activation of remote NMDA receptors when basal [Na ϩ ] i was increased Ͼ5 mM as in neurons bathed with an extracellular solution containing 20 mM Na ϩ and 10 M monensin (Fig. 2) in these neurons were 84 Ϯ 18 nM and 16 Ϯ 2 mM and that the application of L-aspartate to these neurons produced a significant increase in [Ca 2ϩ ] i by 66 Ϯ 13 nM (n ϭ 6) as well as a significant decrease in [Na ϩ ] i by 5.8 Ϯ 1 mM (n ϭ 5) (Fig. 5D ) (supplemental Fig. 1, available at ] i by 7 Ϯ 2 mM (n ϭ 7) and 48 Ϯ 19 nM (n ϭ 6), respectively (supplemental Fig. 2 ] i increases (5 Ϯ 1 mM and 50 Ϯ 5 nM) induced by the activation of remote NMDA receptors, which produced no change in NMDA channel gating (Fig. 5 A, B,D) . Thus we believe that a Na ϩ influx that increases [Na ϩ ] i by Ͼ5 mM is critical for overcoming the effects of Ca 2ϩ influx.
Na
؉ influx may enhance Ca 2؉ influx and also may mask the Ca 2؉ -dependent inhibition of NMDA channels induced by the activation of remote NMDA receptors When extracellular [Na ϩ ] was increased additionally to 145 mM, the activation of NMDA receptors produced even greater increases in [Na ϩ ] i (15 Ϯ 2 mM; n ϭ 6) and [Ca 2ϩ ] i (105 Ϯ 35 nM; n ϭ 5), which were significantly more than those induced by the activation of NMDA receptors in neurons bathed with extracellular solution containing 10 mM Na ϩ (Fig. 5C,D) . To determine whether the increase in [Ca 2ϩ ] i was produced by increases in Ca 2ϩ influx, we measured [Ca 2ϩ ] i during NMDA receptor activation in the presence of the Ca 2ϩ -ATPase inhibitor thapsigargin, which depletes intracellular stores of Ca 2ϩ by blocking Ca 2ϩ reuptake into stores. Thapsigargin (0.1 M) was bath applied to neurons at 20 min before the measurement of [Ca 2ϩ ] i or [Na ϩ ] i and was maintained in the bath solution for the whole recording period. We found that thapsigargin application significantly reduced increases in [Ca 2ϩ ] i during NMDA receptor activation when compared with those in the absence of thapsigargin (Fig.  5D ), but furthermore the increase in [Ca 2ϩ ] i (62 Ϯ 8 nM; n ϭ 8) during NMDA receptor activation in neurons bathed with an extracellular solution containing 145 mM Na ϩ and thapsigargin was still significantly greater than that found in neurons bathed with an extracellular solution containing 10 mM Na ϩ (Fig. 5D ). Although our previous study has shown that the upregulation of NMDA channel gating by the activation of remote NMDA receptors is not affected by the removal of Ca 2ϩ in the extracellular bath solution (Yu and Salter, 1998) , it remains unclear whether local Ca 2ϩ , which flows into recorded NMDA channels and sufficiently activates phosphatase regulation of NMDA receptors (Lieberman and Mody, 1994) , or Ca 2ϩ released from intracellular stores during the activation of NMDA receptors (Fig. 5D ) may be involved in the regulation of NMDA channel gating. Therefore, we recorded NMDA single-channel activity by using pipettes filled with Ca 2ϩ -free extracellular solution from neurons that had been pretreated with BAPTA-AM (10 M for 4 hr) and bathed in the same extracellular solution containing no Ca 2ϩ . Figure 6 A-D displays an example of recorded NMDA channel activity. During the activation of remote NMDA receptors the long open component and shortest closing component of NMDA channels were increased. The overall channel open probability and mean open time increased to 137 Ϯ 11 and 114 Ϯ 5% of controls, and the durations of bursts and clusters were increased to 120 Ϯ 10 and 134 Ϯ 9% of controls, respectively (Fig.  6 E) . Application of the lipophilic NMDA channel blocker MK-801 (2 M) (Wong and Kemp, 1991; Yu and Salter, 1998; Dingledine et al., 1999) abolished single-channel currents (Fig. 6 A) and confirmed that the recorded channel activity was NMDA receptor-mediated. The fact that no significant difference could be found in the effects produced by the activation of remote NMDA receptors as [Ca 2ϩ ] was changed (from 0 to 0.3-1.2 mM) in the extracellular solutions bathing neurons and filling recording electrodes (Fig. 6 E) demonstrates that Na ϩ influx through activated NMDA receptors not only may be able to enhance Ca 2ϩ influx but also may mask Ca 2ϩ -induced inhibitory effects on NMDA channel gating (Fig. 7) .
Discussion
The present study documents that NMDA channel activity may be upregulated or downregulated by remote NMDA receptors, depending on the amount of Na ϩ and Ca 2ϩ influx. If Na ϩ influx is blocked, Ca 2ϩ influx induced by the activation of remote NMDA receptors may inhibit NMDA channel gating. However, this inhibitory effect can be overcome by an increase in [Na ϩ ] i of Ͼ5 mM. Thus there may be a functional Na ϩ -Ca 2ϩ interaction in the regulation of NMDA channels.
Further detailed investigations document that the effects of Na ϩ and Ca 2ϩ influx on NMDA channel gating during the activation of remote NMDA receptors cannot be explained simply by an algebraic sum of two opposite effects growing monotonically, because (1) Ca 2ϩ influx required to downregulate NMDA receptors under the condition of no Na ϩ influx is found to be much smaller than that during NMDA receptor activation under normal conditions; (2) a modest Na ϩ influx, which produces a much smaller increase in [Na ϩ ] i than that during NMDA receptor activation under normal conditions, blocks Ca 2ϩ influx-induced inhibition of NMDA channels during the activation of remote NMDA receptors; (3) increases in Na ϩ influx may enhance Ca 2ϩ influx significantly during the activation of NMDA receptors; and (4) blocking increases in [Ca 2ϩ ] i both via Ca 2ϩ release from intracellular stores and Ca 2ϩ influx through both local and remote NMDA channels without blocking Na ϩ influx did not produce any additional increase in NMDA receptor upregulation induced by the activation of remote NMDA receptors when compared with that recorded from neurons under normal conditions. It has been reported that an ongoing Ca 2ϩ inhibition of NMDA receptors may accompany the activation of NMDA channels and serve as a negative feedback mechanism to control NMDA channels (Mayer and Westbrook, 1987; McBain and Mayer, 1994; Kyrozis et al., 1996; Dingledine et al., 1999) . How-ever, there seem to be no significant effects produced by Ca 2ϩ influx on NMDA channel gating during the activation of remote NMDA receptors recorded from neurons bathed with a standard extracellular solution. Interestingly, when Na ϩ influx was blocked, a modest Ca 2ϩ influx during the activation of remote NMDA receptors produced a 35 Ϯ 9 nM increase in [Ca 2ϩ ] i and significantly inhibited NMDA channel gating (Fig. 7) . This Ca 2ϩ -induced inhibition of NMDA receptors could be prevented by a modest Na ϩ influx, which produced an increase in [Na ϩ ] i of Ͼ5 mM (Fig. 7) . Thus we have characterized a novel functional relationship of Na ϩ and Ca 2ϩ influxes in the regulation of NMDA receptor gating in cultured hippocampal neurons.
NMDA receptors are distributed widely in the CNS and are involved in many physiological and pathophysiological processes. Therefore, it will be very interesting to determine whether the functional relationship of Na ϩ and Ca 2ϩ influx in the regulation of NMDA receptor gating characterized in cultured hippocampal neurons also may be an important mechanism underlying the regulation of neuronal functions in the other regions of the CNS. Because neurons in culture preparations likely may not be representative of the neurons in vivo, the determination of whether a 5 Ϯ 1 mM increase in [Na ϩ ] i also represents a threshold increase that enhances Ca 2ϩ influx and also masks the effects of Ca 2ϩ influx in vivo will be critical for understanding the regulation of activity-dependent neuroplasticity in vivo.
A number of mechanisms have been found to underlie the downregulation of NMDA channel gating by intracellular Ca 2ϩ : (1) Ca 2ϩ -induced ␣-actinin/cytoskeleton dissociation from the NR1 subunit of NMDA receptors (Krupp et al., 1999) , (2) calmodulin activation, which binds to and inhibits NMDA channel activity (Ehlers et al., 1996; Wechsler and Teichberg, 1998; Zhang et al., 1998; Krupp et al., 1999) , and (3) activation of the phosphatase calcineurin, which downregulates NMDA channel gating (Lieberman and Mody, 1994; Mulkey et al., 1994; Tong et al., 1995) . Our findings suggest that there may be a functional Na ϩ -Ca 2ϩ interaction in the regulation of NMDA receptors (Fig. 7) . NMDA channel gating may be decreased if Na ϩ influx during the activation of remote NMDA receptors is less than that (5 Ϯ 1 mM) required to overcome the effects induced by Ca 2ϩ influx, whereas NMDA channel gating may be potentiated by the activation of remote NMDA receptors if Na ϩ influx is more than that required to overcome the effects induced by Ca 2ϩ influx (Fig. 7) . Our data show that under physiological conditions there is a large Na ϩ influx during NMDA receptor activation and that the increased Na ϩ influx may increase Ca 2ϩ influx significantly on one hand but on the other hand also mask Ca 2ϩ -induced inhibition of NMDA receptors. Thus the Na ϩ -dependent upregulation effect may play a dominant role in the regulation of the cross talk between NMDA receptors (Fig. 7) .
When neurons were bathed with a standard extracellular solution, the activation of remote NMDA receptors significantly increased overall channel open probability, mean open time, and the duration of bursts and clusters. The increases of the long- open and short-closing components during the activation of remote NMDA receptors may underlie the increases in overall channel open probability and burst and cluster activities. Because we found that the bath application of NMDA or L-aspartate produced no change in the number of NMDA receptors detected on the cell surface (data not shown), which was consistent with that reported in a previous study (Nong et al., 2003) , and that there was no change in the mean length of a single run of openings with no double openings (Colquhoun and Hawkes, 1990) , it is unlikely that the number of NMDA channels on the membrane patch during the upregulation of remote NMDA channels is altered.
NMDA receptors are distributed widely on the cell surface, with locations on both the synaptic and extrasynaptic regions of central neurons. Our observations show that single NMDA channel gating may be regulated by the activation of remote NMDA receptors, which can result in changes in ensemble NMDA currents. Bregestovski and his colleagues (Medina et al., 1996) found that single NMDA channel activity recorded in cell-attached patches may be downregulated after the washout of NMDA, which was bath applied to neurons. These findings support our suggestion that the activity of individual NMDA channels may behave differently when their neighboring NMDA receptors are activated (Fig. 7) .
Although technical difficulties preclude the direct observation of remote NMDA receptor activation effects on the activity of an individual NMDA receptor located at the synapse, we were able to assess the regulation of synaptic function by activation of remote NMDA receptors via the use of simulation experiments. Supercluster current traces recorded before and during the activation of remote NMDA receptors were aligned at the start of the first openings and subsequently were summed to produce an ensemble current. The decay of normalized ensemble currents was significantly different before and during the activation of remote NMDA receptors. Depending on the amount of Na ϩ and Ca 2ϩ influx through activated remote NMDA receptors, there can be a prolonged or shortened decay in ensemble currents. Thus this type of data provides additional evidence to support the concept that the cross talk between NMDA receptors, which is mediated by a functional Na ϩ -Ca 2ϩ interaction, may be a novel mechanism regulating synaptic responses. influx. If Na ϩ influx is blocked, Ca 2ϩ influx induced by the activation of remote NMDA receptors may inhibit NMDA channel gating. This Ca 2ϩ -induced inhibition of NMDA receptors can be prevented by a small Na ϩ influx, which increases [Na ϩ ] i by 5 Ϯ 1 mM. The 5 Ϯ 1 mM increase in [Na ϩ ] i is apparently a critical threshold for controlling the Ca 2ϩ influx-induced inhibition of NMDA channel activity during remote NMDA receptor activation. NMDA channel gating may be decreased if Na ϩ influx during the activation of remote NMDA receptors is less than that required to overcome the effects induced by Ca 2ϩ influx, whereas NMDA channel gating may be potentiated by the activation of remote NMDA receptors if Na ϩ influx is more than that required to overcome the effects induced by Ca 2ϩ influx. Because there is a large Na ϩ influx during NMDA receptor activation under physiological conditions, the Na ϩ -dependent upregulation effect plays a dominant role in the regulation of NMDA channel gating by NMDA receptor cross talk. Remote, Remote NMDA receptors; NMDAR, NMDA receptors; Extr., extracellular; Intr., intracellular.
